E2F-1, a transcription factor implicated in the activation of genes required for S phase such as DNA pol a, is regulated by interactions with Rb and by cell-cycle dependent alterations in E2F-1 abundance. We have shown that depletion of poly(ADP-ribose) polymerase (PARP) by antisense RNA expression downregulates pol a and E2F-1 expression during early S phase. To examine the role of PARP in the regulation of pol a and E2F-1 gene expression, we utilized immortalized mouse ®broblasts derived from wild-type and PARP knockout (PARP7/7) mice as well as PARP7/7 cells stably transfected with PARP cDNA [PARP7/7(+PARP)]. After release from serum deprivation, wild-type and PARP7/7(+PARP) cells, but not PARP7/7 cells, exhibited a peak of cells in S phase by 16 h and had progressed through the cell cycle by 22 h. Whereas [ 3 H]thymidine incorporation remained negligible in PARP7/7 cells, in vivo DNA replication maximized after 18 h in wild-type and PARP7/7(+PARP) cells. To investigate the eect of PARP on E2F-1 promoter activity, a construct containing the E2F-1 gene promoter fused to a luciferase reporter gene was transiently transfected into these cells. E2F-1 promoter activity in control and PARP7/7(+PARP) cells increased eightfold after 9 h, but not in PARP7/7 cells. PARP7/7 cells did not show the marked induction of E2F-1 expression during early S phase apparent in control and PARP7/7(+PARP) cells. RT ± PCR analysis and pol a activity assays revealed the presence of pol a transcripts and a sixfold increase in activity in both wildtype and PARP7/7(+PARP) cells after 20 h, but not in PARP7/7 cells. These results suggest that PARP plays a role in the induction of E2F-1 promoter activity, which then positively regulates both E2F-1 and pol a expression, when quiescent cells reenter the cell cycle upon recovery from aphidicolin exposure or removal of serum.
E2F-1, a transcription factor implicated in the activation of genes required for S phase such as DNA pol a, is regulated by interactions with Rb and by cell-cycle dependent alterations in E2F-1 abundance. We have shown that depletion of poly(ADP-ribose) polymerase (PARP) by antisense RNA expression downregulates pol a and E2F-1 expression during early S phase. To examine the role of PARP in the regulation of pol a and E2F-1 gene expression, we utilized immortalized mouse ®broblasts derived from wild-type and PARP knockout (PARP7/7) mice as well as PARP7/7 cells stably transfected with PARP cDNA [PARP7/7(+PARP)]. After release from serum deprivation, wild-type and PARP7/7(+PARP) cells, but not PARP7/7 cells, exhibited a peak of cells in S phase by 16 h and had progressed through the cell cycle by 22 h. Whereas [ 3 H]thymidine incorporation remained negligible in PARP7/7 cells, in vivo DNA replication maximized after 18 h in wild-type and PARP7/7(+PARP) cells. To investigate the eect of PARP on E2F-1 promoter activity, a construct containing the E2F-1 gene promoter fused to a luciferase reporter gene was transiently transfected into these cells. E2F-1 promoter activity in control and PARP7/7(+PARP) cells increased eightfold after 9 h, but not in PARP7/7 cells. PARP7/7 cells did not show the marked induction of E2F-1 expression during early S phase apparent in control and PARP7/7(+PARP) cells. RT ± PCR analysis and pol a activity assays revealed the presence of pol a transcripts and a sixfold increase in activity in both wildtype and PARP7/7(+PARP) cells after 20 h, but not in PARP7/7 cells. These results suggest that PARP plays a role in the induction of E2F-1 promoter activity,
Introduction
Depletion of PARP from cells by expression of antisense RNA or by gene knockout has shown that the enzyme plays important roles in various nuclear processes that involve rejoining of DNA strand breaks. PARP depletion by antisense RNA expression results in a decrease in the initial rate of DNA repair in HeLa cells (Ding et al., 1992) and keratinocytes , a reduction in the survival of cells exposed to mutagenic agents, alterations in chromatin structure, an increase in gene ampli®cation (Ding and Smulson, 1994) , and inhibition of the biochemical and morphological changes associated with apoptosis (SimbulanRosenthal et al., 1998b) . Fibroblasts derived from PARP knockout mice exhibit proliferation de®ciencies in culture, and thymocytes from these animals show a delayed recovery after exposure to g-radiation (Wang et al., 1995) . Other PARP knockout mice exhibit extreme sensitivity to ionizing radiation, and splenocytes derived from these animals undergo abnormal apoptosis (de Murcia et al., 1997) .
We have shown that PARP-depleted 3T3-L1 cells expressing PARP antisense RNA fail to dierentiate and to undergo DNA replication that normally precedes dierentiation (Simbulan-Rosenthal et al., 1996; Smulson et al., 1995) , indicating that PARP appears to be required for dierentiation-linked DNA replication in these cells. PARP is a component of a multiprotein DNA replication complex (MRC or DNA synthesome) that catalyzes replication of viral DNA in vitro and contains pol a, pol d, DNA primase, DNA helicase, DNA ligase, and topoisomerases I and II, as well as accessory proteins such as proliferating-cell nuclear antigen (PCNA), RFC, and RPA. PARP poly(ADP-ribosyl)ates 15 of the *40 MRC component proteins, including pol a, topoisomerase I, and PCNA (Simbulan-Rosenthal et al., 1996) .
We recently showed that PARP plays a role in regulation of the expression of several of the tightly associated proteins of the MRC, including pol a, DNA primase, and RPA (Simbulan-Rosenthal et al., 1998a) . Depletion of PARP by antisense RNA expression also prevented induction of expression of the transcription factor E2F-1, which positively regulates transcription of genes encoding pol a, PCNA, and other S phase proteins, indicating that PARP may play a role in the expression of these genes during entry into S phase. E2F-1 is implicated in the regulation of cell cycle progression by activating expression of genes important for the execution of the S phase. This activity is regulated during the cell cycle by the binding of E2F-1 to the dephosphorylated form of the tumor suppressor protein Rb; phosphorylation of Rb by cyclin dependent kinases during entry into S phase releases E2F-1, consequently activating gene expression (Weinberg, 1995) . Perturbation of these control pathways by inactivation of Rb and accumulation of E2F-1 transcription factor activity is suggested to result in the loss of cell growth control that underlie the development of human cancers. Indeed, overexpression of E2F-1 causes oncogenesis (Johnson et al., 1994a) and is sucient to drive serum-starved ®broblasts through S phase and into the cell cycle (Johnson et al., 1993) . Deregulated expression of E2F-1 in quiescent cells has also been shown to lead to S phase entry followed by p53-mediated apoptosis (Qin et al., 1994) .
To clarify the role of PARP in regulation of the expression of pol a and E2F-1 genes associated with induction of proliferation in quiescent cells, we have now utilized mouse ®broblasts derived from wild-type (control) and PARP knockout (PARP7/7) mice as well as PARP7/7 cells stably transfected with wildtype PARP cDNA (PARP7/7(+PARP)). Consistent with our previous results of PARP depletion by antisense RNA expression, our present data indicate that PARP plays an essential role in both differentiation-linked-as well as DNA replication associated with progression through the cell cycle. Furthermore, we demonstrate for the ®rst time that PARP may regulate the expression of the E2F-1 and DNA pol a genes during early S phase by stimulating E2F-1 promoter activity. PARP appears essential for induction of promoter activity of the E2F-1 gene, which in turn, positively regulates transcription of the E2F-1 and pol a genes during early S phase.
Results
Wild-type and PARP7/7(+PARP) cells, but not PARP7/7 cells, progress through the cell cycle after release from aphidicolin block.
We have previously shown that 3T3-L1 cells depleted of PARP by antisense RNA expression fail to undergo dierentiation-linked DNA replication (SimbulanRosenthal et al., 1996) ; control cells progress through a round of replication prior to the onset of terminal dierentiation. Thus, under these conditions, quiescent control cells are induced to proliferate and go through a round of the cell cycle, but not the PARP-depleted antisense cells. To determine whether depletion of PARP by gene disruption similarly blocks reentry of cells into S phase, we studied immortalized ®broblasts that were derived from wild-type (control) and PARP knockout (PARP7/7) mice (Wang et al., 1995) . These PARP7/7 cells were previously con®rmed to be devoid of detectable PARP and poly(ADP-ribose) by immunoblot analysis with the corresponding antibodies (Simbulan-Rosenthal et al., 1998b) . Although the presence of a novel activity capable of synthesizing ADP-ribose polymers has been shown recently in PARP7/7 cells, this activity, which is induced by treatment with MNNG, is considerably less than that in wild-type cells and may not fully compensate for PARP depletion (Shieh et al., 1998) . Consistent with our results with the PARP antisense cells,¯ow cytometric analysis revealed that, although there were no signi®cant dierences between the DNA histograms of asynchronously growing wild-type and PARP7/7 cells, wild-type cells progressed through one round of the cell cycle 5 h after release from aphidicolin-induced block at the G1-S transition, while PARP7/7 cells did not. More than 65% of wild-type cells had synchronously entered S phase by 3 h, whereas the number of PARP7/7 cells in S phase (*20%) did not increase substantially during the same time period (Figure 1 ).
Wild-type and PARP7/7(+PARP) cells, but not PARP7/7 cells, reenter the cell cycle after release from serum deprivation Wild-type and PARP7/7 cells were also synchronized by serum deprivation for 45 h, and the quiescent cells were then stimulated to proliferate by the addition of serum. Although both wild-type and PARP7/7 cells were eectively blocked at G 1 /S by serum deprivation (*87% of the cells were in G 1 ), only the wild-type cells exhibited a peak of S phase at 16 h and had progressed through a round of the cell cycle by 24 h after addition of serum (Figure 2a) . Thus, whereas 483% of the control cells were in S phase by 16 h, there was no apparent increase in the number of PARP7/7 cells in S phase for up to 24 h after serum addition. FACS analysis further revealed a third small peak in the DNA histogram of PARP7/7 cells which corresponds to the G 2 /M peak of a genomically unstable tetraploid cell population. The results with ®broblasts from PARP7/7 mice con®rm a requirement for PARP during entry into S phase. The enzyme thus appears to play an essential role in DNA replication associated with either dierentiation or reentry into and progression through the cell cycle after recovery from exposure to aphidicolin or serum deprivation. Figure 1 Flow cytometric analysis of wild-type and PARP7/7 mouse ®broblasts at various times after release from aphidicolin block. Cells were harvested at the indicated times after release from aphidicolin-induced block at the G1/S transition. Nuclei were prepared by treatment of cells with detergent and trypsin and were stained with propidium iodide for¯ow cytometric analysis. DNA histograms were derived at various times after release from aphidicolin block and the cell cycle phase distribution was quanti®ed and summarized in a ®gure showing per cent of wild-type (closed circles) and PARP7/7 (open circles) cells in S phase of the cell cycle PARP7/7 ®broblasts were stably transfected with pCD12, a plasmid encoding wild-type PARP, and grown in selective medium. A stable clone was selected for further study on the basis of its ability to express PARP protein as revealed by immunoblot analysis with antibodies to PARP as well as by PARP activity assays (Simbulan-Rosenthal et al., 1998b) . These PARP7/ 7(+PARP) cells were synchronized by serum deprivation, released into the cell cycle by addition of serum, and analysed by¯ow cytometry. Similar to the wildtype cells, PARP7/7(+PARP) cells synchronously entered S phase by 14 h (460% of the PARP7/ 7(+PARP) cells were in S phase by this time), and had progressed through a round of the cell cycle by 22 h (Figure 2b ). Thus, stable transfection of PARP7/ 7 ®broblasts with wild-type PARP cDNA restored the ability of these cells to reenter the cell cycle after release from serum deprivation. The dierences in cell cycling noted between the wild-type and PARP7/7 cells can thus be attributed to PARP, and are not simply due to clonal dierences. Interestingly, the tetraploid cell population (the third peak in the DNA histograms of PARP7/7 cells) was no longer observed in PARP7/7(+PARP) cells after several generations suggesting that the presence of PARP may stabilize the genome and select against this unstable tetraploid population.
Incorporation of [ 3 H]thymidine into nascent DNA was measured to con®rm whether in vivo DNA replication was occurring under the conditions in these experiments where quiescent cells are stimulated to reenter the cell cycle by addition of serum. Consistent with the¯ow cytometric data, in vivo DNA replication was maximal 20 h after release of wild-type and PARP7/7(+PARP) cells into S phase, whereas negligible [ 3 H]thymidine incorporation was apparent in PARP7/7 during the same time period (data not shown). These results are also consistent with our previous data showing that in vivo DNA replication, as assessed by incorporation of bromodeoxyuridine or [ 3 H]thymidine into newly synthesized DNA, was apparent only in 3T3-L1 control cells 24 h after induction of dierentiation-linked DNA replication, but was not detected in PARP-depleted antisense cells (Simbulan-Rosenthal et al., 1996) .
Wild-type and PARP7/7(+PARP) cells, but not PARP7/7 cells, show induction of pol a transcripts and activity after release from serum deprivation
We have previously shown that PARP depletion by antisense RNA expression in 3T3-L1 cells results in downregulation of expression of pol a, DNA primase, and the transcription factor E2F-1, thus, implicating PARP in the expression of these proteins during early S phase (Simbulan-Rosenthal et al., 1998a) . To investigate whether PARP depletion by gene knockout could exert a similar eect on the expression of the pol a gene at the level of transcription during early S phase, we compared the abundance of pol a mRNA by RT ± PCR analysis in wild-type, PARP7/ 7 and PARP7/7(+PARP) cells at either 0 or 20 h after addition of serum to serum-deprived cells. Pol a transcripts were detected in all three cell types in unsynchronized cultures, although their levels were higher in wild-type cells than in PARP7/7 or the PARP7/7(+PARP) cells (Figure 3b ). Whereas pol a RNA was not detected in any of the three cell types when blocked at G1/S by serum deprivation, both the wild-type and PARP7/7(+PARP) cells exhibited a marked induction of pol a transcripts 20 h after serum addition. In contrast, no pol a RNA was detected in the PARP7/7 cells at this time (Figure 3a) .
We also examined the time course of pol a activity in the three cell types after release from serum deprivation. Consistent with the results of the RT ± PCR analysis, wild-type and PARP7/7(+PARP) cells, but not the PARP7/7 cells, exhibited a sixfold increase in pol a activity, relative to basal levels, 20 h after serum addition (Figure 4 ). We have also previously shown that depletion of PARP by antisense RNA expression results in a replicative complex devoid of any signi®cant pol a activity (Simbulan-Rosenthal et al., 1998a) . The signi®cant increase in pol a catalytic activity correlates with the marked induction of pol a transcripts in the wild-type and PARP7/7(+PARP) cells 20 h after serum addition. These results indicate that PARP plays a role in the upregulation of pol a expression at the level of transcription in quiescent cells induced to reenter the cell cycle after release from serum deprivation.
PARP7/7 cells do not show the marked induction of E2F-1 expression during early S phase apparent in control and PARP7/7(+PARP) cells
To investigate further the mechanism by which PARP contributes to regulation of pol a gene transcription during early S phase, we examined the eect of PARP depletion by gene knockout on the abundance of E2F-1, a transcription factor that positively regulates the transcription of several genes whose products are required for DNA replication and cell growth; these genes include those encoding pol a, PCNA, dihydrofolate reductase, thymidine kinase, c-MYC, c-MYB, cyclin D, cyclin E, and E2F-1 itself (Blake and Azizkhan, 1989; DeGregori et al., 1995; Nevins, 1992; Pearson et al., 1991; Slansky et al., 1993) . We previously demonstrated that PARP depletion by antisense RNA expression in 3T3-L1 cells prevents induction of E2F-1 expression during the early stages of dierentiation-linked DNA replication (SimbulanRosenthal et al., 1998a) . Consistent with these results and with the fact that the E2F-1 gene is an earlyresponse gene (Johnson et al., 1994b) , immunoblot analysis with antibodies to E2F-1 revealed that both wild-type and PARP7/7(+PARP) cells exhibited a marked increase in E2F-1 abundance soon after release from serum starvation; E2F-1 protein levels remained high for 16 h in these cells and declined thereafter (Figure 5a ). In contrast, PARP7/7 cells contained negligible amounts of E2F-1 for up to 20 h after serum addition. The expression of PCNA did not dier among the three cell types during the same time period (Figure 5b) , indicating that the lack of pol a and E2F-1 expression in the PARP7/7 cells was not attributable to a general inability to undergo protein or RNA synthesis. Thus, PARP may regulate expression of the pol a gene at the level of transcription during early S phase by increasing the expression of E2F-1.
PARP7/7 cells do not exhibit induction of E2F-1 promoter activity during early S phase
We next investigated whether PARP upregulates the expression of pol a as well as E2F-1 at the level of transcription during early S phase by stimulating the activity of the E2F-1 gene promoter. Wild-type, PARP7/7, and PARP7/7(+PARP) cells were transiently transfected with a construct containing the E2F-1 promoter sequence fused to a luciferase reporter gene (pGL2) and with pSV2-CAT. Cells were then synchronized by serum deprivation, and at various times after release into S phase, luciferase assays were performed as a measure of E2F-1 promoter activity; CAT activity was also assayed in order to correct for dierences in transfection eciency. E2F-1 promoter-luciferase activity, normalized by either CAT activity (Figure 6a ) or protein (Figure 6b ), increased after serum addition in both control and PARP7/7(+PARP) cells; the increase was maximal (eightfold higher than basal levels) at 9 h after serum addition. In contrast, E2F-1 promoter activity in PARP7/7 cells showed no increase after serum addition. Thus, when quiescent cells are induced to proliferate by serum addition, PARP may upregulate pol a and E2F-1 expression during S phase by stimulating the activity of the E2F-1 gene promoter.
Discussion
We have demonstrated that PARP is tightly associated with the core proteins of the puri®ed MRC (SimbulanRosenthal et al., 1996) that support viral DNA replication in vitro and migrates as discrete, high molecular weight complexes on native polyacrylamide gel electrophoresis (Tom et al., 1996) . PARP is thought to play a regulatory role in these complexes because 15 of the *40 polypeptides of the MRC, including pol a, topoisomerase I and PCNA, undergo poly(ADPribosyl)ation by PARP (Simbulan-Rosenthal et al., Figure 2 Flow cytometric analysis of wild-type and PARP7/7 mouse ®broblasts (a) and PARP7/7(+PARP) cells (b) at various times after release from serum deprivation. Quiescent cells were released from serum deprivation and harvested at the indicated times after addition of serum. Nuclei were prepared and stained with propidium iodide for¯ow cytometric analysis. (a) DNA histograms of wild-type cells (left panels) at various times after addition of serum show a major peak of nuclei at G0/G1 at 0 h, a major peak of nuclei in S phase (arrow) at 16 h, and two major peaks of nuclei at G0/G1 and G2/M phases of the cell cycle at 18 ± 20 h. DNA histograms of PARP7/7 cells (right panels) show two major peaks of nuclei at G0/G1 and G2/M, as well as a third small peak corresponding to a tetraploid cell population, at all times after addition of serum. (b) Similar to wild-type cells, DNA histograms of PARP7/7(+PARP) cells show a major peak of nuclei at G0/G1 at 0 h, a peak of nuclei in S phase at 14 h, and 2 major peaks of nuclei at G 0 /G 1 and G 2 /M phases of the cell cycle by 18 ± 22 h 1996). The MRC puri®ed from control 3T3-L1 cells in S phase, but not that from PARP antisense cells, contains both PARP and pol a activities (SimbulanRosenthal et al., 1998a) . Furthermore, our observation that the expression of pol a, DNA primase, and E2F-1 is not induced during early S phase in PARP-depleted antisense cells implicated PARP in the induction of expression of the corresponding genes that occurs at this time.
Insight into the biological roles of PARP can also be obtained by gene disruption. While certain strains of PARP knockout mice are viable and fertile, primary ®broblasts derived from these animals exhibit proliferation de®ciencies in culture (de Murcia et al., 1997; Wang et al., 1995) . Thus, although both DNA replication and dierentiation occur in these animals in the absence of PARP, isolated cell systems may show more profound eects of the lack of this enzyme that are not apparent in the animals. In the present study, we have therefore used immortalized ®broblasts derived from wild-type and PARP7/7 mice to examine further the role of PARP in the regulation of pol a and E2F-1 expression during early S phase.
Consistent with our previous results with PARP antisense cells (Simbulan-Rosenthal et al., 1998a) , we have now shown that depletion of PARP by gene disruption blocks quiescent cells from reentering the cell cycle after recovery from serum deprivation. PARP depletion also prevents the induction of pol a and E2F-1 gene expression that normally occurs during early S phase under these conditions. After release from either aphidicolin block or serum deprivation, wild-type cells synchronously reentered the cell cycle and exhibited a peak of in vivo DNA replication, whereas PARP7/7 cells did not. Moreover, stable transfection of PARP7/7 cells with PARP cDNA restored the ability of these cells to reenter the cell cycle and proliferate after release from serum starvation. Furthermore, wild-type and PARP7/7(+PARP) cells, but not PARP7/7 cells, exhibited a substantial increase in in vitro pol a activity at the peak of S phase. These results indicate that PARP plays a role in DNA replication associated with reentry into the cell cycle after release from serum deprivation, in addition to its role in dierentiation-linked DNA replication. The data obtained with the PARP7/7 cells stably transfected with PARP cDNA also indicate that the dierences apparent between the wild-type and PARP7/7 cells are not due to dierences in clonality but rather to PARP.
Pol a, together with its associated DNA primase, catalyzes the synthesis RNA primers and Okazaki fragments required for initiation of DNA replication and for lagging-strand DNA synthesis (Waga and Stillman, 1994) . The pol a-DNA primase complex comprises four subunits, the largest of which Figure 3 RT ± PCR analysis of wild-type, PARP7/7, and PARP7/7(+PARP) cells prior to and 20 h after release from serum deprivation. Wild-type, PARP7/7, and PARP7/ 7(+PARP) were subjected to serum deprivation and harvested at 0 and 20 h after serum addition (a). Unsynchronized cells were also harvested for comparison of basal levels of pol a transcripts (b). Total RNA was puri®ed from cell pellets and subjected to RT ± PCR with pol a-speci®c primers. PCR products were separated on a 1.5% agarose gel and visualized by ethidium bromide staining. The positions of the speci®c pol a product (arrows) and of DNA size standards (in kilobases) are indicated Figure 4 Time course of induction of pol a activity in wild-type, PARP7/7 and PARP7/7(+PARP) cells after release from serum deprivation. Synchronized wild-type (closed circles), PARP7/7 (open circles), and PARP7/7(+PARP) (closed squares) cells were harvested at the indicated times after release into S phase, and equal amounts of protein were assayed for pol a activity in vitro by measuring the incorporation of [ 3 H]TTP into newly synthesized DNA for 1 h at 378C with activated calf thymus DNA as template. Data are means of duplicate determinations and essentially identical results were obtained in two independent experiments (*180 kDa) is the catalytic subunit of pol a (Wong et al., 1986) , and the two smallest subunits of which (*58-and *48 kDa) constitute the DNA primase (Bambara and Jessee, 1991) . Stimulation of quiescent cells to proliferate results in simultaneous increases in abundance of mRNAs encoding each of these four subunits prior to the onset of DNA synthesis, suggesting that the transcription of the genes for pol a and DNA primase is likely regulated by a common mechanism (Miyazawa et al., 1993) . In response to growth stimulation, the expression of genes whose products are involved in DNA replication, including those for pol a and DNA primase, increases dramatically at late G1 (Baserga, 1991; Miyazawa et al., 1993) . The cell cycle-regulatory transcription factor E2F-1, which binds to the speci®c recognition site 5'-TTTCGCGC, activates the promoters of the pol a gene and other genes that encode proteins required for DNA replication and cell growth, including those encoding dihydrofolate reductase, thymidine kinase, c-MYC, c-MYB, PCNA, cyclin D, and cyclin E (Blake and Azizkhan, 1989; DeGregori et al., 1995; Nevins, 1992; Pearson et al., 1991; Slansky et al., 1993) . The E2F-1 gene promoter also contains E2F binding sites, and E2F-1 activates transcription of its own gene during the cell cycle by binding to these sites (Neuman et al., 1994) .
Depletion of PARP by gene knockout, similar to depletion of the protein by antisense RNA expression, prevented the increase in the abundance of E2F-1 associated with entry into S phase, an eect that appears attributable, at least in part, to the lack of induction of E2F-1 promoter activity in the PARP7/ 7 cells. Together with the marked increase in pol a Figure 5 Time course of E2F-1 (a) and PCNA (b) expression in wild-type, PARP7/7, and PARP7/7(+PARP) cells after release from serum deprivation. Quiescent wild-type (upper panels), PARP7/7 (middle panels), and PARP7/7(+PARP) (lower panels) cells were harvested at the indicated times after addition of serum. Cell extracts were prepared and equal amounts of protein (30 mg) were subjected to immunoblot analysis with antibodies to E2F-1 (a) or to PCNA (b). The positions of E2F-1 and PCNA are indicated on the left (arrows) Figure 6 Time course of induction of E2F-1 promoter activity after release from serum deprivation in wild-type, PARP7/7 and PARP7/7(+PARP) cells. Synchronized quiescent wild-type (closed circles), PARP7/7 (open circles) and PARP7/ 7(+PARP) (closed squares) cells were harvested at the indicated times after addition of serum. To measure E2F-1-luciferase promoter activity, cell extracts were prepared and assayed for luciferase and CAT activities. The luciferase activity (light units/min) was then normalized against transfection eciencies by CAT activity (a) or total protein (mg) (b). Data are means of triplicate determinations, and essentially identical results were obtained in two independent experiments transcripts and activity at the peak of S phase in wildtype and PARP7/7(+PARP) cells, but not in the PARP7/7 cells, these data indicate that PARP plays a role in the induction of E2F-1 promoter activity, which then positively regulates pol a and E2F-1 expression during early S phase. The role of PARP in the regulation of transcription of the E2F-1 and pol a genes may be indirect, given that PARP has also been shown to enhance activator-dependent transcription by interacting with RNA polymerase II-associated factors (Meisterernst et al., 1997) . PARP also binds transcription enhancer factor 1 (TEF1) to enhance muscle-speci®c gene transcription (Butler and Ordahl, 1999) as well as the transcription factor AP-2 to coactivate AP-2-mediated transcription (Kannan et al., 1999) . The basal transcription factor TFIIF and TEF-1 are both highly speci®c substrates for poly(ADPribosyl)ation (Butler and Ordahl, 1999; Rawling and Alvarez-Gonzalez, 1997) . Whether PARP modulates E2F-1-mediated transcription by binding to E2F-1 remains to be clari®ed. Alternatively, since PARP depletion by antisense RNA expression also results in signi®cant changes in chromatin structure, eects of the lack of PARP on gene expression may be attributable, at least in part, to such changes. Experiments are now underway to determine whether PARP plays a more direct role in the transcription of pol a and E2F-1 genes by binding to the promoter sequences of the E2F-1 and/or pol a genes. Preliminary data from electrophoretic mobility shift assays indicate that puri®ed recombinant PARP binds to both linear and circular constructs containing the E2F-1 promoter sequence, and that this binding is slightly inhibited in the presence of NAD, thus, suggesting that PARP may stimulate E2F-1 promoter activity directly (unpublished observations).
Materials and methods

Cells, vectors, and transfection
Wild-type and PARP7/7 ®broblasts, immortalized by a standard 3T3 protocol, were kindly provided by ZQ Wang (International Agency for Research on Cancer, Lyon, France), grown in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/ml), and streptomycin (100 mg/ml), and subcultured every 4 days. PARP7/7 ®broblasts were transfected with the use of lipofectamine (Life Technologies) with a plasmid encoding wild-type human PARP (pCD12; (Alkhatib et al., 1987) ) and the plasmid pTracer-CMV (Invitrogen), a zeocin-based vector system. This vector system was used because the PARP7/7 ®broblasts express an endogenous neomycin resistance gene as a result of the procedure used to establish the original PARP knockout mice. Stable transfectants were selected in growth medium containing zeocin (500 mg/ml). Expression of PARP was con®rmed by RNA, DNA, and immunoblot analysis of control and stably transfected cell lines; these cell lines were recently used in a study investigating the role of PARP in the early stages of apoptosis (Simbulan-Rosenthal et al., 1998b) .
The construct (pGl2) containing E2F-1 gene promoter fused to luciferase cDNA (Neuman et al., 1994) was generously provided by Dr William Kaelin (Dana Farber Cancer Inst., Boston, MA, USA). Cells were transiently cotransfected with pGL2 (20 mg per plate) and pSV 2 CAT (2 mg) (for normalization of transfection) using lipofectamine. The cells were allowed to recover overnight, supplied with fresh medium, incubated for an additional 5 h, and then synchronized by serum deprivation for subsequent experiments.
Cell synchronization and release into S phase
Cells were plated at a density of 10 5 cells per plate 24 h prior to synchronization at the G1/S transition by either aphidicolin treatment or serum deprivation. For synchronization by aphidicolin block, the cells were incubated with 1.5 mM aphidicolin (Sigma) for 16 ± 18 h as previously described for ®broblasts (Sukhorukov et al., 1994) . The cells were then washed twice with phosphate-buered saline (PBS) and incubated in fresh medium for release into S phase. Because aphidicolin is a reversible inhibitor, most of the cells began DNA synthesis almost immediately after removal of the drug; they progressed through S phase and reached G2/M after an additional 5 ± 6 h. For synchronization by serum deprivation, cells were washed twice with PBS and incubated for 30 ± 45 h in DMEM supplemented with 0.5% FBS, after which the quiescent cells were stimulated to proliferate by incubation in DMEM containing 15% FBS.
Flow cytometry
Cells were harvested at various times after release into S phase, and nuclei were prepared for¯ow cytometric analysis as previously described (Vindelov et al., 1983) . Brie¯y, cells were exposed to trypsin in order to obtain a single-cell suspension, trypsin was neutralized by serum, and cells were then resuspended in 100 ml of a solution containing 250 mM sucrose, 40 mM sodium citrate (pH 7.6), and 5% dimethyl sulfoxide. They were then lysed by incubation for 10 min with trypsin (30 mg/ml) in a solution containing 3.4 mM sodium citrate, 0.1% NP-40, 1.5 mM spermine tetrahydrochloride, and 0.5 mM Tris-HCl (pH 7.6). After incubation for an additional 10 min with trypsin inhibitor and ribonuclease A (0.1 mg/ml) in the same solution, nuclei were stained for 15 min with propidium iodide (0.42 mg/ml) in the same solution, ®ltered through a 37-mm nylon mesh, and analysed with a dual-laser¯ow cytometer (FACScan).
Assays for pol a activity
At various times after release into S phase, cells were harvested, washed with ice-cold PBS, and subjected to assays for pol a activity in vitro or for DNA replication in vivo. In vitro pol a activity was assayed by measuring the incorporation of [ 3 H]TTP into DNA during 1 h at 378C, with activated calf thymus DNA as template, as previously described (Simbulan et al., 1993) .
Assay for E2F-1 promoter activity
At various times after release into S phase, cells were harvested and washed with ice-cold PBS, and cell extracts were assayed for luciferase activity according to standard procedures with a luciferase assay kit (Promega) and a luminometer. Luciferase activity was normalized by chloramphenicol acetyltransferase (CAT) activity, which was measured by incubating equal volumes of cell extracts with Immunoblot analysis SDS-polyacrylamide gel electrophoresis and transfer of separated proteins to a nitrocellulose membrane were performed according to standard procedures. After both staining with Ponceau S (0.1%) to con®rm equal loading and transfer of samples and subsequent blocking of nonspeci®c sites, the membranes were incubated with monoclonal antibodies to either PCNA (1 : 1000 dilution; Calbiochem) (detects the PCNA p36) or E2F-1 (1 : 1000 dilution; Santa Cruz Biotech) (detects E2F p60). Immune complexes were detected with appropriate horseradish peroxidase-labeled secondary antibodies (1 : 3000 dilution) and enhanced chemiluminescence (Pierce).
Reverse transcription-polymerase chain reaction (RT ± PCR)
Unique oligonucleotide primer pairs were designed to 5' regions of the gene for the pol a catalytic subunit as follows: pol a 5' (bases 31-61, ATGCACGAAGAGGACTGTAA-ACTGGAGGCA) and pol a 3' (bases 830-801, TCTAC-CTTCTCTGTGTCCATGGACTCATCA) (Miyazawa et al., 1993) . The primer sets were prepared and diluted to a concentration of 50 pmoles/ml. Total cellular RNA was puri®ed from cell pellets with the use of a total RNA extraction kit (Pharmacia Biotech) and was subjected to RT ± PCR with the use of a Perkin Elmer Gene Amp EZ tTh RNA PCR kit. The reaction mix (50 ml) contained EZ buer mix; 300 mM each of dGTP, dATP, dTTP, and dCTP; 2.5 mM Mn(Oac)2; 0.45 mM of each primer; 1 mg of total RNA; and 5 U of rTth DNA polymerase. With an Amplitron II Thermolyne PCR machine, RNA was ®rst transcribed at 658C for 40 min, after which cDNA was ampli®ed by an initial incubation at 958C for 2 min, followed by 40 cycles of 958C for 1 min and 638C for 90 s, another incubation at 658C for 8 min, and a ®nal extension at 708C for 12 min. The PCR products were then separated by electrophoresis in a 1.5% agarose gel and visualized by ethidium bromide staining.
Abbreviations PARP, poly(ADP-ribose) polymerase; MRC, multiprotein DNA replication complex; pol, DNA polymerase; PCNA, proliferating cell nuclear antigen; DMEM, Dulbecco's modi®ed Eagle's medium; FBS, fetal bovine serum; PBS, phosphate-buered saline; CAT, chloramphenicol acetyltransferase; RT ± PCR, reverse transcription-polymerase chain reaction.
